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I. INTRODUCTION

While the total energy content of the energetic particles trapped in
the earth's geomagnetic field is small, space systers which attempt to use
super-cold elements, such as long-wavelength IR optics, must consider this
source of heat input. In the most intense part of the radiation belts, the
peak instantaneous heat input is equivalent to that which would be radiated
by a black body at a temperature in excess of 55 K. This source of heat
begins to have a measurable effect at a radiator temperature of about 100 K
in some orbits. 1In these same orbits, at a radiator temperature of 60 K,
the thermal analysis would have to include the effect of this heat source.
At lower radiator temperatures, in the order of 50 K, this source of heat
would become a major problem and would be a prime driver in the thermal
design. Obviously, for very low temperature elements such as HgCdTe
detectors, which are intended to be radiatively cooled either directly or
through a secondary radiator, trapped particle heating will have to be
included as part of the input load in the thermal analysis.




IT. DISCUSSION

In this report, we present a table of average and peak heat inputs for
a number of orbits. The table was generated using the NASA environments
APBMIN and AEBMAX. We include a plot of the heat input as a function of
time for a 24 hr period to indicate the type of thermal profile one might
expect in a particular orbit. We also discuss the accuracy of the heat
calculations, the accuracy of the particle models, and the variability of
the particle environment itself. The plots included in this report are
intended only as a guide to the level of trapped particle heating that may
occur in a particular orbit. The accuracy of the individual data points
that are plotted or are listed in Table 1 is limited by the accuracy of the
trapped particle models which were used to determine the particle fluxes
for the various orbits. In general, the particle models are good to a
factor of 2 or 3 for long-term averages. The calculations provide the
total energy flux through a surface without regard to the depth in
materials at which this energy will be deposited. However, the highest
heating rate will occur at the surface. The heat due to the protons is
deposited nearer the surface than that due to the electrons because the
protons have a much higher linear energy transfer (LET) coefficient. 1In
most orbits, 99% of the proton heat and 84% of the electron heat would be
generated in a thin layer of aluminum 0.25 mm thick (Ref. 1).

A. MODEL ACCURACIES AND TRAPPED PARTICLE FLUX VARIATIONS

The calculations presented in this document used the NASA APB
(Aerospace Proton #8) and AEB (Aerospace Electron #8) models. These are
the most recent updates to the models of the trapped radiation environ-
ments. The accuracy of the AP8 model is probably better than a factor of 2
in the inner zone (altitudes up to 3000 nm at low inclination). 1In the
outer zone, the accuracy is somewhat less certain, but is again probably
good to a factor of 2. Similarly, the AE8 model is probably accurate to a
factor of 2 or better in the inner zone. In the outer zone, for long term
averages (averaged over a solar cycle), the AEB model is probably low by
about a factor of 3 for electrons with energies above 1.5 MeV., However,




the ma jor portion of the heat load due to trapped electrons is due to the
particles with energies between 100 keV and 500 keV. Furthermore, in some
orbits examined, protons contribute more heat input (-~75%) than the
electrons. For the purposes of analyzing heat input from trapped
particles, electrons with energies above 500 keV can be ignored without
affecting the accuracy of the estimates. Therefore, inaccuracies in the

electron models are probably unimportant.

While the inaccuracies in the particle models may not be important,
the variations in the electron flux due to magnetic storms are. Imme-
diately after a major magnetic storm, the entire outer zone electron
spectrum above about 100 keV is enhanced by a factor of 10 to several
hundred. The lower energy electrons, below 100 keV, are more constant. It
takes several weeks for ‘1is enhancement to subside (Ref. 2). For a
satellite traversing this region of space, a significant increase in

heating above normal would be observed.

Figure 1 is a plot of the 0.54 MeV electron flux at various L values
showing the response of the particle distribution to a number of magnetic
storms over an 11 month period (Ref. 2). The term "L value" used in this
discussion refers to properties of the field lines. In a dipole field, the
L value corresponds to the distance from the center of the dipole to the
equatorial crossing of the field line, in units of earth radii. The field
line retains its L value designation all along its length, including the
extension to low altitudes at higher latitudes. Note that for some parts
of the magnetosphere, magnetic storms create an electron flux enhancement
of as much as 4 orders of magnitude. The models take these enhancements
into consideration in determining average flux values. 1In general, for
short times after major magnetic storms, the integral flux above 100 keV is
enhanced by up to a factor of 10 over the average values. These enhance-
ments will be particularly effective in increasing the transient heat load
in orbits which traverse the outer 2zone between altitudes of 7000 and

12000 nm, where the most intense outer zone electron flux exists.
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Figure 2 is a plot of the integral electron number flux (dashed lines)
and the proton flux (solid lines) as a function of time during a 24 hr
orbit integration period in a low altitude, low inclination orbit. The
peak fluxes observed here correspond to the peak heating levels listed in
Table 1. Although a rigorous analysis of the instantaneous heating rate
would include an integration of the flux energy spectra, the flux spectra
do not change sufficiently over an orbit to invalidate direct use of these
curves in comparing the average and peak values listed in Table 1. The
error due to uncertainties in the models is greater than the error which
results in assuming there is no variation in the energy spectrum. The
strong modulation in the flux intensity is due to the passage of the orbit

through the South Atlantic Anomaly region.

B. DISCUSSION OF TABLE 1

For this discussion, "peak" refers to the peak-heating-per-orbit, as
depicted in Figure 2, not the peak that will be encountered due to magnetic
storms during a long duration mission. For orbits which have outer zone
electrons or protons as their major heat input, magnetic storms can
increase the short period peak heating (1 to 2 days) over that listed in
the table by a factor of 10. Major interpolations in orbital altitude
using Table 1 should not be performed because the proton and electron
environments are strong nonmonotonic functions of altitude. Interpolations
on orbital inclination, however, will yield results which are reasonably

valid.
1. 400 NM CIRCULAR ORBIT

The 400 nautical mile (NM) cir.ular orbit encounters relatively little
energetic particle flux. For low inclinations, the offset dipole of the
earth's magnetic field effectively raises the trapped population above this
altitude. Only in the region of the South Atlantic Anomaly, about 290° %
20° east longitude, does the low latitude flux occur at low enough alti-
tudes for significant heat input to be observed in this orbit. Thus, both
the average and peak heat inputs are low. The entire heat input occurs
during about a 25 min period out of each orbit. At 30° inclination,
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however, larger fluxes of energetic electrons and protons are encountered

due to the orbit intersecting the low altitude extensions of the outer
electron zone and the inner proton zone. Since the orbit cuts through this
outer zone extension at an angle, the period during which the maximum
heating occurs is spread over approximately 30 min. Magnetic storm-time
increases in the outer 2one electrons will increase the peak heat input by
another order of magnitude over the values shown in the table. This is
because the maximum in the table is due to the outer zone fluxes and these

can increase by a factor of 10 over the average in the models.

At 60° and 90° inclinations, the orbit passes through the outer elec-
tron zone more rapidly, but it also samples more of the outer zone (all of
it, in the case of the 90° orbit). Although the peak heating is highest
for the 90° orbit, it occurs for shorter durations than for the 30° inclin-

ation; thus the average heat input is lower than for the 30° inclination.
2. 12 HR ELLIPTICAL ORBIT

For these calculations, the apogee was at the equator. This orbit,
which at higher inclination is known as the "Molniya" orbit, is the most
severe orbit from the point of view of instantaneous trapped particle
heating. Average heating, however, is less than for the 12 hr circular
orbit. (A& 10 hr circular orbit would have even higher average heating, but
the same peak heating.) In the 12 hr elliptical orbit, along with the high
heat load, a high radiation dose effect is also present. Increasing the
latitude of apogee will reduce the average heat input, but may increase the
peak heat load. Both the peak and average heat loads decrease monotonic-
ally with increasing inclination. This is because the peak outer 2one
electron and proton fluxes occur well below apogee, and the higher the
inclination of the orbit, the farther away from the equator this region is
traversed. Since the flux generally decreases monotonically with increas-
ing distance from the geomagnetic equator, the higher inclination orbits

encounter less flux.
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3. 12 HR CIRCULAR ORBIT

For the 12 hr circular orbit, the trapped particle heat load is due
primarily to the 1 to 10 MeV protons in the outer zone. Protons constitute
80% of the average heat load at low inclination, and 70% at high
inclinations. While major magnetic storms will increase the total heat
load, an order of magnitude increase in electrons would increase the heat
load by only a factor of 3. The average trapped particle heating is a
strong function of inclination up to perhaps 45°. The peak heating rate is
virtually independent of inclination because the peak heating cccurs at the
equator and all orbit inclinations pass through the geomagnetic equator at

nearly the same L value.
4. 24 HR CIRCULAR ORBIT

In the geosynchronous region, proton energies are relatively low. At
the same time, energetic electron fluxes are high and remain near the
trapping limit (the maximum equilibrium flux the field line can sustain)
most of the time. As a result, the electrons contribute most of the
heating at 0° inclination. Magnetic storms are not important in this orbit
because they do not cause major increases in the electron flux (see
Figure 1). Also, at this altitude, the offset dipole of the earth's
magnetic field does not produce any significant effects. However, the
distortion of the magnetosphere due to the solar wind does produce local
time variations. These local time effects are significant in the energetic
electron flux, especially in the >500 keV range, and produce the difference
between average and peak heating at 0° plus much of the variation seen in
the peak heating as a function of inclination.

At geosynchronous orbit, the peak heating in high inclination orbits
is due to protons even though the average heating is primarily due to
electrons. This is caused by hot plasma conditions beyond L=6.6. In this
high altitude regime, there are usually large fluxes of protons with energy

in the tens of keV range, while few energetic electrons are present,
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I1I. SUMMARY

The trapped particle population can produce significant heating in
some systems. Model calculations indicate that greater than 0.5 w/Me
instantaneous heat input may be encountered. For some orbits, geomagnetic
storms can produce an increase in the energetic particle flux that results
in a further increase in the average heat input by half an order of magni-
tude and an increase of an order of magnitude in the peak heat input. For
very low temperature systems, the trapped particle heating may be the ma jor
heat source. For systems intended to operate at 100 K or colder with
radiative cooling systems, this mechanism should be considered in the
thermal analysis. Below 60 K, the heating due to trapped particles may be

a major concern in the design of the system in some orbits.

In general, low altitude orbits are benign and orbits which pass
through the heart of the outer zone (L:=4 at the equator) are fairly
severe. Geosynchronous orbits are in between these extremes. Also, the

higher the inclination of the orbit, the lower the average heating.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer” fo-
national security projects, specializing in advanced military space systems.
Providing research support, the corporation's Laboratory Operations conducts
experimental and theoretical investigations that focus on the application of
scientific and technical advances to such systems. Vital to the success of
these investigations is the technical staff's wide-ranging expertise and its
ability to stay current with new developments. This expertise is enhanced by
a research program aimed at dealing with the many problems associated with
rapidly evolving space systems. Contributing their capabilities to the
research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,

spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radlative signatures of missile plumes, sensor out-of -field-of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materfals, lubrication and surface phenomena, thermionic emission, photo-
sensitive materfals and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Mate.isls Sciences Laboratory: Development of new materiasls: mnetals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component fatlure analysis and rellability; fracture
mechanics and atress corrosion: analysis and evaluation of materials at
cryogenic and elevated temperatures as well as in space and enemy-induced
environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and fonospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physice, infrared sstronomy,
{nfrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, {onosphere and magnetosphere;
effects of electromagnetic and particulate radistions on space systems; space
fnstrumentation.




